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Complex of operational properties of sulfur-based and sulfur-extended building materials may lead both to economical efficiency of construction and to reduced load on the environment. The feasibility of the sulfur-extended materials is primarily caused by properties, availability and low cost of sulfur. Before the development of building material it is necessary to examine the supramolecular structure of the matrix in detail. Material science of sulfur is still with several «white spots» which have to be filled with sound knowledge and reproducible data. New level of the research in constructional material science can be achieved with help of system analysis. The key prerequisite for successful application of system analysis in material science is the determination of primary interactions which, in turn, define applicable modeling methods. Several investigation methods can be used at the nanoscale level -traditional experimental methods, quantum chemistry modeling, molecular dynamics. The methodology of research depends on objectives and also on acceptable values of time and resource consumption. Requirements for precision and reproducibility, together with demands for new scientific data must also be taken into consideration. In the present work we have presented different strategies of investigation: case for dominance of practice, case for high demands for new scientific data and the case for high demands for precision, reliability and reproducibility. The latest case is the preferable one, and it was used during investigation of the nanostructure of sulfur binder. Three different methods of research were applied: Raman spectroscopy, quantum chemistry simulation and molecular dynamics. It was demonstrated again that broad-http://nanobuild.ru к содержанию ly available technical sulfur corresponds to orthorhombic allotrope; at the same time, comparative analysis of the Raman spectra reveals that bending of long sulfur chains in technical sulfur takes place in less constrained conditions. For the quantum chemistry computations three different software tools are used; the capabilities of accompanying pre-and post-processing tools are discussed. It is shown during analysis of quantum chemistry calculations that verification of the experimental Raman spectra should not be performed with results obtained for isolated S 8 molecule. Results of simulation performed for the sulfur crystal are close to the experimental measurements; such correspondence is an important proof of conformity between lattices of real crystal and model. During molecular dynamics simulations it is found that such methods can successfully be used only on the spatial scales starting from 10 nm, whereas on the lower scale the quantum effects must be taken into account.
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here is a strong need of advanced building materials in modern civil engineering and special construction. Using the materials with poor operational properties leads to low service life and high operational costs of constructions. In turn, due to low service life of the construction there is an increase of environmental loads; this is because requirements for production of extra amount of building materials.
Both structure and properties of any constructional composite are in great dependence on type of matrix material. Among other promising matrices for composites there are sulfur-based and sulfur-modified ones. High operational properties of sulfur-extended building materials lead to economical efficiency of constructions and reduce load on the environment. For example, application of sulfur-extended paving material [1, 2] allows to increase the mobility of the mix during laying and escalating the values of operational properties -most notably compressive strength and resistance to rutting. The application of such material decreases environmental load in regions near the oil and gas industry enterprises.
The feasibility of the sulfur-extended materials primarily caused by properties, availability and low cost of sulfur. Moreover, there are many sulfur dumps near the oil industry enterprises. Such dumps consumes a lot of area which otherwise could be occupied by vegetation, contributing to the improvement of the environmental situation. Incorporation of sulfur in bulk building materials contributes to decrease of load to the environment [2] . There are numerous advantages of sulfur composites: cheap binder, quick structure forming, high chemical resistance [3] .
There exist numerous ways to improve the operational properties of concretes based on sulfur. By means of application of polymers distributed on the surface of fine filler it is possible to outcome several drawbacks of the traditional material with thermoplastic matrix [4, 5] . Obviously, nanoscale layer of high-molecular substance significantly alters structure forming process near the phase boundary. But details of supramolecular structure of such intermediate layer are still unknown [6] .
Despite the progress which has been made during the last decades in the understanding of the sulfur allotropes, material science of sulfur [7, 8] and sulfur-enhanced composites is still with several «white spots» which have to be filled with sound knowledge and reproducible data. As it already mentioned, the structure of the nanoscale layers at the phase boundaries is of considerable interest. At the same time it is evident that examination of inter-boundary layer must be preceded by deep investigation of sulfur. Of cause, a lot of research work is already done. Structure of the most common sulfur allotrope was determined in 1935 [9] , authors presented a crystallographic data which is currently in public domain [10] . During the XX century, crystal structure of other sulfur allotropes [11] [12] [13] , molecular structure of sulfur vapor and structure of sulfur compounds are of interest [7, 8] .
With help of system analysis the new level of the research in constructional material science can be achieved [5, 14, 15] . The prerequisites for successful application of system analysis in material science are already formulated, and the key point is the determination of bounds for spatial scales of interest and corresponding list of possible interactions -which, in turn, define applicable modeling methods [5, 15] .
The nanoscale level of the constructional composite is the spatial level where properties of material are considerably affected by size effects [15] . Several investigation methods can be used on this level -traditional experimental methods, quantum chemistry modeling, molecular mechanics etc. The methodology of research can also be different; it depends not only http://nanobuild.ru к содержанию on «practical» goals of the research (development of the building material with required values of operational properties), but also on allowed time and resource consumption, requirements for precision and reproducibility, demands for new scientific data with high predictive potential ( Fig. 1-3) . The scheme on Fig. 1 is the most simple; we just all available methods one by one until the goal is reached or methods are depleted. The results obtained during application of n-1-th method are not used at all during applying of the n-th method. This scheme may lead to the lower time and resource consumption if: a) practical goal is dominant; b) the most useful method is known with great assurance. The condition «b» reveals obvious deficiency of the scheme: if useful method is uncertain, then most data obtained during research will be wasted.
The scheme on Fig. 2 is the direct modification of the previous one, and it is made for elimination of the mentioned deficiency. Regardless of the methods' order, all data obtained on the n-th step will be at least accumulated for further research. In principle, nothing prevents the usage of data obtained on steps 1...n during application of n+1-th method (green arrow on Fig. 2) . Even if the research goal is not reached, there will be a lot of new theoretical and/or experimental data; because of this, scheme on Fig 2 is often used during preparation of qualification works (thesis, dissertations etc.).
Both Fig. 1 and 2 represent sequential type of research. Though scheme on Fig. 1 can easily be parallelized (there is no dependence on data from previous step), such parallelization in average will cause both reduction of time and increase of resource consumption (if proper sorting of methods was performed). This, depending on type and amount of available resource, can be considered either as positive or negative feature. To eliminate dependence on data from second scheme and allow parallelization, we have to exclude the path indicated by green arrow on Fig. 2 . The negative effect of such elimination (inability to use data obtained in previous methods) is compensated by possibility to perform cross-verification of the results, obtained by different methods -if there are more then one method leads to the goal (Fig 3) .
In real research work neither of these three schemes are used as is; it is common in practice to combine some parts from different schemes. Some methods (both experimental and theoretic) provide a lot of «scientific» information (IR-, Raman and NMR spectroscopy, adsorptive porometry, XRD, quantum chemistry methods based on density functional theory) which is hard to utilize entirely during applied research. Such methods are often used as a source of data for verification. Outcomes of other methods may be single scalar values (viscosimetry, X-ray scattering, simulation methods based on thermodynamics). Such methods are mostly suitable for routine work, and values obtained are subjects for verification by means of other methods.
Moreover, many methods can be verified in more then one way -for example, results of Raman spectroscopy can be verified by means of density functional theory (DFT) and molecular dynamics (MD) calculations; in case of DFT, there can be simulations with different basis and type of self-consistent field; in case of MD, there can be simulations with different pair-wise potential (force field). On the contrary, many methods can be used for verification of others. It is evident from last example that both DFT and MD simulation can be used during verification of Raman spectra; but these methods can also be used for verification of IR spectra and -in case of MD -even macroscopic properties of the building materials [16, 17] . The verification of computational algorithms and numerical software is a separate task not related to the material science; albeit, by means of using different software tools it is possible to assure correctness of the results obtained.
To illustrate the application of scheme #3 we will fit into it the excerpt from real research work concerning structure and properties of nanomodified sulfur-based building materials. Purposes of the research are numerous, but there is a part which involves both experimental (preparation of reference samples, Raman spectroscopy) and numerical (quantum chemistry simulation) subparts.
Examination of the influence of different nanostructuring agents on the properties of sulfur have to be preceded by theoretical model of sulfur http://nanobuild.ru к содержанию crystal (the quantum mechanics gives relevant equations) and structural models (a lot is already developed in XX century). During experimental studies we are planning to use Raman spectroscopy extensively, thus reference samples were prepared and reference spectral data was obtained. It was stated [15] that software tools for neighbor spatial scales can be utilized during investigation of nanostructure. To justify this statement, both DFT and MD-based simulation algorithms have to be applied. Series of numerical experiments was performed for determination of the applicability, selection of appropriate numerical quantum chemistry method and suitable numerical software for quantum chemistry and MD.
The methods (second column on Fig. 3) 3. GAMESS quantum chemistry tool [22] . 4. Our special-purpose MD codes [23, 24] . Together with quantum chemistry software we are also using several pre-and post-processing tools [25] [26] [27] [28] ; the software will be discussed later.
The comparative analysis (third column on Fig. 3 ) was performed on data obtained in real and numerical experiments. The outcome is basically a decisions concerning applicability of the methods and software tools, by several practical conclusions were also made.
Early in research process we have analyzed the structure of low-cost technical sulfur (Fig. 4) and sulfur crystals (Fig. 5 ) grown specifically for reference purposes. The primary tool during analysis was Raman spectroscopy. Suitability of this method is due to high Raman activity of sulfur allotropes and sulfur-based compounds. The experimentally obtained spectra are shown on can be observed, thus spectrum on Fig. 6 (yellow line) is the spectrum of pure orthorhombic sulfur (in fact, the obtained data is in very good conformity with previous experimental works). There is only a small difference in Raman shift and relative intensities between spectra of reference sample and technical sulfur. Intensity of the line at 50 cm -1 is of higher intensity http://nanobuild.ru к содержанию for technical sulfur; this line corresponds to fundamental component of crystal vibrational symmetry a g [29] . Raman shifts for line near 250 cm -1 are slightly different. This line corresponds to the S-S-S bending; since the shift for technical sulfur is lower (corresponds to lower energy), it can be stated that bending of long sulfur chains in technical sulfur takes place in less constrained conditions. At present, there are many software tools and packages which can be used to perform quantum chemistry computations. Some of them [20, 21] are proprietary and expensive, while the other (for example, [22] ) are opensource and available for anyone at no cost.
The DMol 3 and CASTEP tools are integrated in BIOVIA Materials Studio -integrated environment for computational materials science. This integrated environment can be used in advanced research of various materials, including building materials; there are modules not only for quantum chemistry, but also for MD and other simulations. Integrated environment includes tools for pre-and post-processing, including molecular and crystal construction and visualization (Fig. 7) . The price of the perpetual license for environment with all modules is tens of thousands euro; probably, this is the limiting factor.
As a rule, open-source scientific software (including our code [23] for MD simulation) is designed with so-called «UNIX Way» in mind -only one specific task is implemented (for example, solver for DFT or MD), and for solution of other tasks researcher must rely on different software tools. The GAMESS [22] is pure quantum chemistry solver which must be controlled from command line, with text input files of specific format. Preand post-processing tasks have to be solved with different tools. This can be difficult at first, and often requires deep knowledge of POSIX operating systems. Nevertheless, such an approach for numerical simulation is broadly accepted in science. Selection of accompanying tools is the matter of choice and individual preferences. The Jmol [25] is a quite simple tool and can be used only for visualization (Fig. 8 ) of molecular structures (strictly speaking, there is a tool for geometry optimization, but this tool is of relatively low usefulness).
The PyMOL [26] molecular graphics system (Fig. 9) can be used not only for visualization (still images rendered interactively with OpenGL and offline with raytracing; animations can be produced), but also for molecular editing. Visualization tools in PyMOL allow to produce detailed highquality images; covers of «Nature» journal are the places where these images are usually reside.
The next two quantum chemistry software tools -Gabedit [27] and Avogadro [28] -are very useful because they directly implement preprocessing to GAMESS input file (and many other input formats, too; Fig. 10, 11) .
Computing of Raman data with GAMESS is multi-step process. If the geometry (atomic structure) is build manually, the geometry optimization step is required. Then, hessian matrix have to be obtained during «RUNTYP=Hessian» computation pass. The last stage is The results of quantum chemistry calculations of Raman activities (not intensities; activities are independent from both temperature and excitation wavelength) for isolated S 8 molecule (DM, GAMESS) and orthorhombic sulfur crystal (CAS) are summarized in Table 1 . Intensity corresponding to second column is shown on Fig 12. As it follows from Table 1 and Fig. 12 , the values of Raman shifts for isolated S 8 molecule very roughly correspond to the shifts of sulfur crystal. The computed frequencies for three low-energy modes are close to each other and to the experimental data. Modes #4, 6, 10 and 11 either do not correspond to any degree of freedom in crystal or Raman inactive. Intensities of high-frequency modes (Fig. 12) , when calculated from Table 1 , do not correspond to the intensities of real spectrum (Fig. 6) . Results of simula- Table 1 ) are much close to the experimental measurements. Such correspondences (along with XRD data) are important proofs of conformities between unknown lattice of real crystals (or molecular structure) and model of the lattice which is used during quantum chemistry simulation. Concerning nanostructure of the composite, the quantum chemistry methods are methods from «lower» spatial level; on the upper levels MD methods dominate. Such methods can be successfully used for modeling the nanostructure of sulfur composites.
Both for numerical solution of MD equations and for visualization of the simulation results the software [23] was used. The algorithm of simulation was previously described in [24] . The geometry and thermodynamics of filled sulfur-based binder allow do determine [30] parameters of the pair-wise potential in equation which is used as a model of the system:
where mi, r i = (x i ,y i ,z i ) -mass and position of the i-th particle, k -factor of dissipation, v i -velocity of the environment at the point r i , U i -potential at the point r i .
The model (1) can be transformed info the set of 6N first-order ordinary differential equations (where N is a number of particles) and then solved numerically. For the solution of the system we have used embedded Runge-Kutta method. During modeling, the Lennard-Jones form of pairwise potential was used.
The results of simulation of the structure formation are presented on Fig 13 and 14 . Similar simulations were previously performed during investigation of cluster-forming process in sulfur and epoxy composites. The obtained results were in good agreement with experimental data.
As it follows from Fig. 13 and 14 , adequacy of modeling on the nanoscale level decreases if quantum effects are not taken into account: the asymptotic value of average distance between sulfur atoms is about twice as large as real value (both for S 8 molecule and sulfur crystal this distance is near 0.2 nm). It is clean from Fig. 14 that Van der Waals spheres do not even crossing with each other; this is, definitively, wrong. Thus, while molecular dynamics can successfully be used on the spatial scales starting from 10 nm, on the lower scale the quantum effects must be taken into account. 
